wo 2004/022916 



10/52458i 

DTD5 Rec'f^ "^CT/PTO ^ 5 FEB 2005i 

PCT/GB2003/003616 



NOXSE ATTENUATXON APPARATUS FOR BOREHOIiB TEIiEDOETRY 

The present invention generally relates to an apparatus for * 
attenuating pressure variations within a predetermined 
frequency band in the surface section of a drilling fluid 
flow system. It pertains to such apparatus for improving the 
transmission of telemetry signal between a downhole location 
and the surface. More specifically, it relates to an 
apparatus for reducing the pump noise in a mud pulse 
telemetry system. . 

BACKGROUND OF THE INVENTION * 

Typical drilling operations employ a number of techniques to 
gather information such as the depth and inclination of a 
borehole and the types of rocks through which a drill pipe 
and drill bit are drilling. For this puirpose, techniques 
called Measurement-While-Drilling (MWD) and Logging-While- - 
Drilling (LWD) were developed in the oil exploration and 
production industiry. These techniques enable the collection 
of data in real-time. LWD collects logging information 
similar to the conventional wireline logging, while MWD also 
enables a driller to determine the position and orientation 
of the drill bit and direction of a borehole during the 
drilling operation so that the driller can more accurately 
control the drilling operations. For the purpose of the 
following description, these and similar techniques will be 
collectively referred to as "MWD" . 

Common to MWD technicjues is the problem of transmitting data 
from the bottom of a borehole to a point on the surface 
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where it can be collected and processed. A typical technique 
for this type of data transmission is mud pulse telemetry. 
During the drilling operation, drilling mud is punned from a 
mud p\imp downward through the drill pipe and emerges near 
5 the drill bit at the bottom of the drill hole. This mud 

cools and lubricates the drill bit, carries rock cuttings to 
the surface where they can be analyzed and prevents the 
walls of the borehole from collapsing. 

10 In mud pulse telemetry, a transmission device, or "pulser, " 
such as an electro-mechanical pulser or a mud siren near the 
drill bit generates an acoustic signal that is transmitted 
upward to the surface through the downward traveling column 
of mud. Modem mud sirens, for example, are capable of 

15 generating a carrier pressure wave of 12 Hz. A transducer, 
typically at the surface, receives the signal and transmits 
it to a signal processor. The signal processor then decodes 
and analyzes the signal to provide information about the 
drilling operation to the driller, 

20 

A major problem with decoding and analyzing the signal is 
that noise seen by the transducer, generated by the drilling 
operation, obscures the signal. There are a number of 
potential sources of noise generated during MWD. Noise may 

25 be introduced by the turning of the drill bit and drill pipe 
and/or from the mud pump used to force the mud into the 
drill pipe. Another source of noise is a reflected signal 
that is created when the original signal hits a pulsation 
dampener, or *'desurger", near the top of the mud coliimn and 

30 is reflected back down the hole. In addition to noise, the 
MWD/LWD signal may be degraded by the type of mud, the mud 
pressure, the length and changes in diameter of the drill 
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pipe and its joints, and the pulsation dait^ener. Of these 
potential and actual sources of noise, the noise generated 
by the mud pimps is often considered to be the one that 
interferes most dominantly with the signal. 

5 

The mud pump has two mechanisms of generating pressure 
fluctuation. The first is through the so-called "water 
hammer" effect due to imperfect synchronization of 
inlet/outlet valves at the beginning and end of each piston 
10 traversing cycle. This tends to produce pressure pulses of 
large amplitude and short duration. The second mechanism is 
through the pulsating nature of the flow generated by such 
pumps generating harmonic noise at each piston stroke. 

15 To obtain reliable I^IWD signal decoding, slow data 

transmission rates are typically used (about 1 to 10 bit(s) 
per second) in order to sustain an acceptable signal-to- 
noise (S/N) ratio. If data transmission rates are increased, 
clock tracking and timing recovery, and the S/N ratio 

20 between the pulser and transducer become very sensitive and 
difficult to maintain due to the nature of the drilling . 
operations, thus, decreasing the reliability of the MWD 
data, 

25 Numerous techniques have been developed to reduce the 

effects of the noise sources on the signal, which can be 
broadly categorized as signal processing, including the use 
of differential measurements, signal amplification and/or 
repetition and mechanical noise attenuation methods. 

30 

Present systems rely mainly on existing pulsation dampeners 
to reduce piamp noise eind on signal processing software to 
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counter the noise effect. The performance of the gas 
charged dan^ener depends on the pre-charge pressure value 
and it varies as the mud pipe pressure changes. Moreover, 
the known desurgers or darnpeners, as foiond in the oilfield 
5 industry, tend to have very short throat sizes of the 
diameter of the flow pipes they are connected to. As 
furthermore the gas charge of the desurger is set without 
knowledge of the telemetry signal, it does not contribute 
efficiently towards reducing the noise in the telemetry 

10 signal band. It is often found that performance of the 
desurger deteriorates as the pressure increases, 
particularly beyond 2000psi [13.78 MPa] . The perfoirmance of 
the reactive dampeners (no gas) is independent of operating 
pressure. However, very large physical size is required to 

15 achieve sufficient dampening. For instance, increasing the 
size of a reactive dampener (PPC Inc.) from 180 to 240 
gallon [681 to 908 liters] results in peak-peak noise 
reduction from 105 to 80 psi [0.72 to 0.55 MPa]. 

20 Noise cancellation by signal processing means has been 

successful in many applications. However in some cases, the 
selection of correct parameters by experienced personnel is 
required to obtain optimal result. Whichever signal 
processing method is chosen, attenuation of noise by 

25 physical filters will make the task of further signal 
processing easier. 

It is therefore an object of the present invention to reduce 
the noise level in mud pulse telemetry, particularly the 
30 noise generated by the mud pump, through mechanical 
filtering. 
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suiynyiARY of the invention 

In accordance with a first aspect of the invention, a mud 
flow pipe system connecting a mud puitp station to a drill 
5 string is modified to include at least one acoustic 

resonator positioned downstream of said mud pump station and 
at least one transducer responsive to pressure variations 
within said pipe system positioned downstream of said 
resonator, wherein said resonator is tuned to provide a band 
10 stop filter for pressure variations within said pipe system. 

A pipe system is understood as an arrangement of pipes 
and/or hoses, preferably adapted to withstand the operating 
pressures of mud flow system used in hydrocarbon drilling, 

15 

A mud pump station is an arrangement of one or more mud 
pximps often including a desurger or dampener which station 
is adapted to inject drilling fluid into the drill string 
during drilling operations. 

20 

An acoustic resonator is a device having a frequency 
response curve with at least one pronounced maximiim or 
minimxam in the acoustic frequency band, particularly in the 
frequency band of IHz to lOOHz. The resonator of the present 
25 invention acts as a mechanical band stop filter that 

provides an attenuation of pressure variations within the 
above frequency band. 

A tuned resonator is introduced into the surface mud flow 
30 system and set to a resonance frequency that creates a band 
stop filter • within a frequency band utilized for signal 
transmission by a downhole drilling telemetry system. 
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particularly by mud pulse telemetory systems. Preferably it 
coiTtprises a of a pressure vessel connected to the mudflow 
pipeline through a inlet pipe. The vessel could be a 
desurger timed to the correct resonant, frequency. More 
preferably it is a smaller vessel with a volume of up to 0.5 
or even 0.66 of the volume of the existing desurger. It 
absolute terms the volume of the resonator varies widely, 
but it can be expected to be less than 15 [57 liters] or 
even less than 5 gallons [19 1] for most drilling 
operations. The length of the inlet pipe is preferably 
chosen to exceed the nominal mudflow pipeline diameter by a 
factor of one or even two. Its diameter is preferably chosen 
to be smaller than 0.66 or even 0.5 of the pipeline 
diameter. Any gas charge used to tune the resonator can be 
loaded directly into the vessel or into a bladder within the 
vessel as in case of the gas-charged dampener /desurger. 

The resonator has a resonance frequency that provide a band 
stop filter within a frequency band of 1 to 100, preferably 
1 to 50, more preferably 5 to 3 0 and even more preferably 5 
to 25 Hz to effectively shield the telemetry signal band 
from noise that is generated by the pump station. 

According to another aspect of the invention, a complex 
acoustic filter is formed by combining a system of one or 
more constrictions in the mud flow system and one or more of 
the tuned Helmholtz resonators. The Helmholtz resonator is 
preferably realized as a housing with a chamber or container 
and a neck tube providing a flow connection between the 
chamber and the mud flow. By combining constrictions and 
resonators into a complex acoustic filter, the frequency 
filtering effect of the system can be suitably shaped to 
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provide an optimal attenuation of noise using, for example, 
the multiple tunable resonance frequencies of such a system, 

According to another aspect of the invention, the resonator 
5 can be tuned manually or automatically to compensate for 

drifts or changes in the nominal resonance frequency of the 
resonator. Such drifts occur during drilling operations due 
to pressure and temperature changes that are preferably 
monitored to provide an automatic adjustment of the 
10 resonance frequency. In a preferred variant of this aspect 
of the invention, the resonator is connected to a source of 
pressurized gas and an exhaust vent to regulate a volume of 
pressurized gas within the resonator. 

15 These and other aspects of the invention will be apparent 
from the following detailed description of non- limitative 
examples and drawings. 



FIG. 1 shows a known system for mud pulse telemetry during 
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drilling operations ; 



Fig. 



2 



shows a timed resonator in a surface mud flow 



25 



system in accordance with an example of the 



invention; 



FIG. 
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shows an arrangement of a. tuned resonator and a 



30 



Venturi-type flow constriction in accordance with 
an example of the invention; 



FIG. 
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is a plot of the frec[uency response of the 
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normalized acoustic impedance of a Helmholtz 
resonator based on a gas charged dampener; 

FIG. 5 shows the graphs of the signal strength 
5 distribution along the surface section of the mud 

flow system for three different configurations; 

FIG. 6 shows two frequency-distance contour plots to 

illustrate the noise filtering performance of an 
10 arrangement in accordance with the invention; 

FIGs . 7A/B show the filter effect of a tuned resonator or 
complex filter system in combination with a 
desurger close to the mud pump; 

15 

FIG- 8A is a schematic diagram of an automatically 

adjusting resonator in accordance with an example 
of the invention; 

20 FIG. 8B is a block diagram of steps of tuning/compensation 
method in accordance with an example of the 
invention; 

FIG. 9 is a plot of the frequency response curves for 
25 adjusted tuned resonators compared to the response 

curve of non-adjusted resonator, at vaarying 
operating pressure; 

FIGs. 10A,B show further variants of adjustable resonator 
30 configurations in accordance with examples of the 

invention; 
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FIGS. 11 illustrate alternative examples of the invention; 
and 

FIG. 12 shows a system for mud pulse telemetry during 
5 drilling operations in accordance with an example 

of the invention. 



EXAMPLES 

10 

In FIG. 1, there is shown a known well drilling system 
configured for MWD operation and having a mud pulse 
telemetry system. Drill string 111 is shown within borehole 
102. Borehole 102 is located in the earth 101. Borehole 102 
15 is being cut by the action of drill bit 110. Drill bit 110 

is disposed at the far end of bottom hole assembly (BHA) 113 
that is attached to and foarms the lower portion of drill 
string 111. Bottom hole assembly 113 contains a number of 
devices including 

20 

Measurement-while-drilling (MWD) subassemblies 113-1 for MWD 
measurements. Examples of typical MWD measurements include 
direction, inclination, survey data, downhole pressure 
(inside and outside drill pipe) , resistivity, density, and 

25 porosity. The signals from the MWD subassemblies are 

transmitted to mud siren or pulser assembly 113-2. Mud siren 
assembly 113-2 converts the signals from subassemblies 113-1 
into pressure pulses in the drilling fluid. The pressure 
pulses are generated in a particular pattern which 

30 represents the data from subassemblies 113-1. The pressure 
pulses are either positive (increases in pressure) or 
negative (decreases in pressure) or a combination of 
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positive and negative pressure pulses in form of a carrier 
. wave modulated by data signals. The pressure pulses travel 
upwards though the drilling fluid in the central opening of 
drill string 111 and towards the surface system, 
5 Subassemblies 113-1 can also include a turbine or motor for 
providing power for rotating drill bit 110 and, thus, 
provide means for controlling the borehole trajectory. 

The drilling surface system includes a derrick 121 and 
10 hoisting system, a rotating system, and a mud circulation 
system 130. The hoisting system which suspends the drill 
string 111, includes draw works 122, hook 123 and swivel 
124- The rotating system includes kelly 125, rotary table 
126, and engines (not shown) . The rotating system imparts a 
15 rotational force on the drill string 111 as is well known in 
the art. 

The mud circulation system 130 pumps drilling fluid down the 
central opening in the drill string 111. The drilling fluid 

20 is often called mud, and it is typically a mixture of water 
or diesel fuel, special clays, and other chemicals. The 
drilling mud is stored in mud pit 131. The drilling mud is 
drawn in to mud pumps 132 which pumps the mud though surface 
pipe system 133^ stand pipe 134^ kelly hose 135, and swivel 

25 124, which contains a rotating seal, into kelly 125 and 

drill pipe 111. Positioned close to the outlet of mud pumps 
132 is pulsation dampener or desurger 136. Desurger 136 is 
provided to reduce pump wear by reducing the fluctuations in 
pressure within the mud circulation system. It typically 

30 consists of a gas-pressurized bladder inside a rigid 
housing. 
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The mud passes through drill string 111 and through drill 
bit 110. As the teeth of the drill bit- grind and gouges the 
earth formation into cuttings the mud is ejected out of 
openings or nozzles in the bit with great speed and 
5 pressure. These jets of mud lift the cuttings off the bottom 
of the hole and away from the bit, and up towards the 
surface in the annular space between drill string 111 and 
the wall of borehole 102. At the surface the mud and 
cuttings leave the well through a side outlet in blowout 
10 preventer 114 and through mud return line 115. Blowout 
preventer 114 comprises a pressure control device and a 
rotary seal. From a cuttings separator (not shown) the mud 
is returned to mud pit 131 for storage and re-use. 

15 The mud pulse signals generated by mud siren 113-2 are 

transmitted through the mud column inside drill string 111 
back into surface mud pipe system. Usually one or more stand 
pipe pressure monitors (SPMs) 141 are used to detect these 
pressure pulses or variations in the drilling fluid. Control 

20 unit 142 decodes the pressure fluctuations back into the 
parameters measured by the MWD equipment 113-1. As the 
pressure pulse are severely attenuated and distorted by the 
transmission process and the noise inherently generated 
during drilling operations, control \init 142 includes signal 

25 processing capability to at least partly restore or 
interpret the original signals. MIATD parameters thus 
transmitted assist the operator in drilling the borehole 102 
and evaluating the earth formation 101 surrounding it. 

30 Although a system with a kelly 125 and rotary table 126 is 
shown in FIG. 1, similar arrangements for MWD transmission 
and detection are used in top drive drilling derricks. 

11 
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Although the drilling system is shown as being on land, it 
is applicable to marine and transitions zone environments . 

In FIG. 2 there is shown a schematic section of the mud 
5 circulation 130 as illustrated above. Making reference to 

FIG.l, the section shown in FIG. 2 is located within surface 
pipe system 133 downstream of pumps 132 and desurger 136, 
but upstream of stand pipe 134 . Here and throughout the 
description the terms ^'downstream'' and ^'upstream" are used 

10 in relation to the flow direction of the mud that starts at 
pumps 132. From there the mud is forced through surface pipe 
system 133 into the drill string 111 to return through 
borehole 102, and return pipe 115 to the mud pit 131. In 
FIG. 2 and other figures referred to below arrows indicate 

15 this flow direction. 

According to first example of an embodiment of the 
invention, at least one tuned mechanical resonator (TMR) 235 
is inserted into surface pipe section 233. The TMR 235 of 

20 FIG. 2 is positioned within the horizontal section of the 

surface pipe section preferably upstream of the stand pipe. 
It consists of an elastically suspended mass in a force- or 
pressure-transmitting connection with the inner, of surface 
pipe 233. In the example of FIG. 2, the mass is provided by 

25 fluid 236 entering through inlet pipe 237, the ''neck pipe", 
into the pressure-sealed inner volume of. housing or 
container 238. An elastic force is provided from within 
container 238 by a pressurized fluid charge 239. Inlet and 
exhaust pipe 251 with valve 252 provide an opening for fluid 

30 charging, release and pressure adjustment- One MWD pressure 
sensor 241 is shown at distance L downstream of TMR 235. 
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When describing the operation of TMR 235 by means of a 
mathematical model, the resonator can be modeled as a 
Helmholtz resonator having an acoustic capacitor and 
inductor coupled in series, similar to an L-C resonator in 
5 electrical systems. 

For a gas-charged resonator- preferred for implementing the 
capacitor - the acoustic capacitance is given by 

10 [1] C= (Vm/pni) (1/Cin)2 + (Vg/pg) (1/Cg) 2 , 

where V^, Pm/ Oj^, are the volume, density and velocity of 

sound for mud in the resonator, Vg, Pg and Cg, those for 

gas in the resonator. Since the density and velocity of 
15 soiind for gas is much smaller than those of mud under normal 
surface pipe pressure, the contribution by the gas ^rol\xrcie is 

effectively amplified by a factor of (Pm/Pg) ( /^g)^' 
thus the second term in equation [1] is much larger than the 
first. This makes gas-charged resonators more effective than 

20 containers filled only with liquids. It is worth noting at 
this point that the volumes, densities and velocities of 
sound change with operating pressure and temperature. 
Methods and apparatus to compensate for this behavior are 
the object of further variants of the invention to be 

25 described below. 

The acoustic inductor is related to the liquid mass 236 in 
the inlet tube or neck section 237 that connects TMR 235 to 
the surface mud pipe 233. The acoustic inductance or 
30 inertance is given by: 
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[2] M = Pmh'/Sn 

Where Sq is the cross-sectional area of neck 237 and h' is 
the effective neck length which can be approximated by the 
5 geometrical length, h, if h is much larger than the radius 
of neck 237 . 

The resonance frequency of the Helmholtz resonator is thus 
given by: 

10 

[3] wo = (MC)-l/2 

There is always a resistive loss associated with the 
resonator system. For instance the thermo-viscous resistance 
15 can be written as: 

1/2 

[4] Rw = (2PinTlW) h'/(rnSn) 

Where r^ is the radius of the neck, T| the mud viscosity and 

20 w the frecjuency. Considering only the thermo-viscous loss, 
then the Q factor of the resonator is given by: 

[5] Q=woM/R„ 

25 According to the above model the TMR 235 acts as a band stop 
filter within a frequency band around wq and a bandwidth 
that is determined by the Q factor. Within this band, noise 
is more or less effectively absorbed. 

30 For the working of the present invention the installation of 
neck tube 237 does not have to be upright as shown in FIG. 

14 
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2 . In may cases it may be more advantageous to guide it 
• first horizontally to the location of the resonator 
container, which could be placed alongside the mud pipe. To 
enter vertically through the bottom of the container, the 
5 neck tube can then be bent upward at its distal end. 

In the example of FIG. 2, inlet tube 237 of TMR 235 is 
connected to the mud pipe 233 through taping hole 242 in the 
wall of pipe 233. This installation method is similar to the 

10 one used for installing surface pressure receivers 241 for 
mud pulse telemetry. It is a method that can be used in 
applications of the inventions where larger openings into 
the mud line are not acceptable due to operating conditions 
or safety concerns. This stop band filter installation 

15 causes no significant pressure drop because the filter is 
non-intrusive to the main flow line, but branches out from 
it. However, with such a direct branch type installation, 
pressure transducer 241 are preferably mounted downstream 
from TMR 235 at a distance L that essentially equivalent to 

20 a quarter -wavelength of the main signal frequency of the 
telemetry system to avoid attenuation of the signal in the 
vicinity of the resonator. Multiple receivers may be needed 
to cover different quarter-wavelength positions for 
different signal frequencies. In the present example, 

25 transducer 241 is placed at a distance L of 28 meters 

downstream of the TMR 235 while a second transducer (not 
shown) may be placed at 14 meters from the filter to cover 
12Hz and 24Hz signal frequencies, respectively. 

30 Whilst the configuration of FIG. 2 above may result in a 
satisfactory level of noise reduction with a minimum of 
change to existing operations and equipment of existing mud 
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flow systems, it was fo\and to be beneficial to make more 
changes to the existing surface mud flow system in order to 
increase the efficiency of resonators in accordance with the 
present invention . 

5 

According to a second embodiment of the invention, the 
above-described resonator or resonator system is employed in 
combination with one or more constriction elements within 
the mud flow pipe to provide a complex mechanical filter 
10 (CMF) . 

Accordingly, there is shown in FIG. 3 an example of a 
preferred variant of the invention including a Venturi 
constriction section 330 and at least one TMR 335 in close 
15 vicinity, 

A Venturi constriction is designed to provide gradual and 
smooth transition from existing surface pipe to a pipe of 
smaller diameter, thus reducing flow related pressure drop. 

20 The pressure loss coefficient for Venturi constriction is 

typically between 0.98 and 0.99. This compares favorably to 
a value between 0.6 and 0.7 for a device that has a simple 
orifice as flow constriction. Venturi constriction 330 
consists of a section of pipe, referred to as "throat" 331, 

25 which has a diameter, Dv smaller than the diameter of the 
surface mud pipe 333, Dg,- and two cone-shaped transitional 
sections 332 , one convergent and one divergent . The 
parameters such as the respective (transition) lengths Lf 
and L^of the upstream and downstream transitional sections 

30 332, the contraction ratio Dv / Dg and the value of the 

radii Rl and R2 which join cone-shaped sections 332 to the 
straight pipe sections 331, 333, can be optimized according 

16 
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to standard Venturi flowmeter design to minimize pressure 
loss. The contraction ratio Dv / Dg has significant effect 
on acoustic noise, and so has the total length of the 
throat, Lt= LI + L2 • A smaller / Dg ratio or a longer 
5 results in greater noise attenuation, but on the other hand 
increases the pressure drop, particularly for highly viscous 
mud. The contraction ratio can range from 0.1 to 0.8 
although a value between 0.35 and 0.6 is preferable. The 
throat length Lt can range from less than a meter to tens of 
10 meters. The pipe for the throat section does not have to be 
rigid and straight. Therefore flexible hose pipe may be used 
if installation space is limited. 

In FIG. 3, at least one TMR 335 is mounted equidistant to 
15 both cone sections of the Venturi at the throat section of 
the Venturi constriction. However, the mounting position 
does not have to satisfy the condition Ll=Ii2 . 

The mechanical filter system shown in FIG. 3 acts as a band 
20 stop filter with its resonance frecjuency tuned to the 

frequency of the mud siren frequency, which could be 12Hz or 
24 Hz. TMR 335 is a 2.5 gallon [9.5 1] container 338 pre- 
charged to 0.55 of 2000psi [13.78 MPa] working pressure of 
the mud flow system with neck tube 337 having a 1.25 inch 
25 [3.18 cm] inner diameter and a length of 0-5m. Thus, the 
resonator is tuned to approximately llHz. Its frequency 
response of the normalized acoustic impedance is illustrated 
with the plot of FIG. 4 for mud fluids of 200 cP (curve 401) 
and 50 cP (curve 402), respectively. Both cuirves 401, 402 
30 show attenuations close to -55 dB at 11 Hz . 
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A constriction section 330 as shown in FIG. 3 has the 
additional effect of producing a more loniform signal 
strength distribution along the surface section of the mud 
flow system where receivers 341 are likely to be mounted. 
This effect is demonstrated in the two plots of FIG. 5 that 
show the (normalized) pressure signal strength and volume 
velocity, respectively, for three different configurations. 
If there is no constriction present in the filter system (as 
in the example of FIG. 2 above and illustrated by curves 
501-1^ 501-2) , the receiver should be mounted about 28 
meters downstream from the resonator to get the maximum 
signal amplitude for a 12Hz signal. The resonator, in turn, 
is located at 6 meters from the pump equipment. In practice 
this configuration may not always be feasible. Particularly 
when the signal freqiiency changes, fixed receiver positions 
may become non-ideal. Introducing a constriction, 
particularly one with a long length L2 downstream of the 
resonator (as shown in FIG. 3), raises the signal strength 
in regions close to the coii^lex filter system that includes 
constriction and TMR. Curves 502-1, 502-2 illustrate the 
effect of a complex filter system including a constriction 
with a contraction ratio of 0.5 where the downstream length 
L2 of the throat section equals 2.5m. For curves 503-1, 503- 
2 the downstream length L2 is extended to 5m. As above, the 
complex band stop filter system is positioned about 6 meters 
from the pump equipment. Under such circumstances, pressure 
transducers 341 can be mounted close to the end of 
constriction 330 and still remain exposed to sufficient 
signal strength. Also, in the vicinity of the constriction 
the signal strength fluctuations are to a large extent 
independent of the signal frequency. 
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The complex filter system including timed resonator 335 axid 
Venturi constriction 330 as shown in FIG. 3 can be simulated 
by using a linear plane wave model. The noise-suppressing 
effect of such an in-line filter is illustrated by the 
5 simulated frequency-distance contour plots of FIG. 6. The 
spectral gray level distribution in FIG. 6 indicates the 
amount of attenuation of the pump noise with attenuation 
increasing as the gray- level changes from light region to 
dark as function of the frequency (y-axis) and distance from 

10 the pump (x-axis) . The stop band, however, corresponding to 
the region of highest attenuation, is depicted as a white 
zone. The upper image shows the noise pressure distribution 
of a system with an existing desurger that is not tuned to 
the signal frequency. Its vol\ime is 20 gallons [76 1] and it 

15 is assumed to be pre-charged at 3 0 per cent of a working 
pressure of "2000 psi [13.78 MPa] . This is calculated to 
result in a resonance at 17H2 . In this case the carrier 
frequency of the signal shown as dashed line 601 at 12 Hz 
falls outside stop band 602. The lower image shows the 

20 effect of adding a filter system with a pipe diameter 

contraction ratio of 0.35, and Ij1=L2= Im and a Helmholtz 
resonator tuned to llHz. The stop band 603 now covers the 
signal band 601. 

25 A further effect of the filter is illustrated in FIG. 7. In 
the example, the combined effect is shown of a tuned 
resonator in accordance with the present invention and a 
conventional desurger of the type usually attached to the 
pump system in order to dampen pressure fluctuations. 

30 

In FIG. 7A, three curves 701-1^2^3 illustrate the frequency 
response of a surface pipe system in three different 

19 
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configurations. Curve 701-1 is the response of a system with 
a conventional desurger of 2 0 gallons [7 6 1] volume. The 
desurger is modeled to have a resonance around 15Hz. Curve 
701-2 is the same system with an additional TMR tuned to 
5 9.8Hz. The resulting attenuation to noise at the signal 
frequency (12Hz) is about lOdB. By adding a Venturi 
constriction with the total length of the throat Lt of 2m 
and a contraction ratio of 0.35, the attenuation is further 
increased (curve 703-1) . Vertical dashed line 701 indicates 
10 the frequency band of the telemetry signal at 12Hz. 

The amplitude distribution of the pump noise pressure (at 
12Hz and normalized by the pressure at the pump) along the 
surface pipe is shown in FIG.7B for four different 

15 configurations- Solid line 702-1/ illustrates the 

performance of a system with a 20 gallons [76 1] dampener 
with a pre-charge ratio of 0.3 at a working pressure of 
2000psi [13.78 MPa] . The effect on the pump noise is about - 
5dB at any position beyond its location (6m from the pump) 

20 at which the attenuation has a spike. Adding a Venturi 
constriction as illustrated by curve 702-2 improves the 
performance of the desurger marginally to about -8dB. 
Significant improvement is achieved only when combining the 
existing dampener with a properly tuned TKR. As curve 702-3 

25 shows, such a combination can result in an overall 

attenuation of 2 0dB. Curve 702-4 shows the attenuation of a 
system where the TMR of curve 702-3 is replaced by a complex 
filter system, i.e., a TMR in combination with a Venturi 
constriction. In this configuration, the attenuation 

30 increases by about another 12dB. 
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Thus, an existing desurger, particularly when having a 
resonance freqxiency close to the signal band, can have 
reinforcing irrrpact on the efficiency of a TMR system. 
However tuning is possible only within the limits set by the 
5 dimensions (volume, diameter" and length of the neck pipe, 
etc.) of the existing desurger and further requires the 
knowledge of f recjuency of the telemetry signal . 

Whereas in the examples described above, the resonance 
10 frequency is set prior to drilling operations by pre- 

charging the resonator volume and/ or desurger to a given 
pressure, it may be advantageous to perform a tuning of the 
.resonator in response to changing external parameters . 

15 For a given resonator volume or container size, the tuning 
is preferably done by selecting the ratio of the pre- 
charging pressure to the operating pressure or by changing 
the length or cross-sectional area of the connecting tube 
("neck") . Such tuning procedures will be described in the 

20 following part of the description. 

During a drilling job, there are at least two parameters 
that may vary during the operation: pressure and, to a 
lesser extent, the temperature of the mud. The changing 

25 conditions will influence the parameters in equations [1] 
and [2] above, and consequently will change the resonance 
frequency of the Helmholtz resonators. The pressure change 
in particular will influence the gas density and volume in 
the dampener most significantly. Since the volume /density 

30 ratio of gas dominates the capacitive element defined by 
equation [1] , the effect of pressure change requires 
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compensation in order to maintain the correct resonance 
frequency under all operating pressures . 

A method for automatically compensating the pressure and 
temperature effects is described in the following. 

Assuming a dampener volume Vq and a pre-charge ratio of x, 
the gas volume in the dampener at the miniimam working 
pressure, P^, is: 

[6] Vi = X Vo Ti/To 

where x is the ratio of the pre-charge pressure to the 
minimum working pressure, Tq and Ti are the temperatures 
at the pre-charge and at the minimxam working pressure. As 
the pressure increases from Pi, say, to V^, the ga.s volume 
is compressed to: 

[7] V2 = Vi(PiT2) / (P2T1 ) 

where T2 is the new temperature. The density of the gas at 
P2 and T2 is: 

[8] P2= P2 /(RT2) 

where R is the gas constant- The ratio of V2 over which 
is given by 



[9] V2/P2= (Pi/Ti) R Vi (T2/P2)2 , 
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is inversely proportional to (P2)^- In cases where the 
pressure change is significant and the tenperature change is 
small, an increase in the operating pressure causes the 
capacitance of the resonator to drop (see equation [1]) and 
5 the resonance to shift to higher frequency. In order to 

maintain a constant resonance frequency, the ratio of V over 

p needs to be kept constant ignoring the temperature effect 
on Cg and on the first term in equation [1] . 

10 According to the present example an additional volume, DV, 
of gas is charged under the new pressure into the dampener 
to conpensate for the changes, hence: 

[10] (DV+V2)/P2 = Vx/Pi 

15 

Combining equations [7] , [8] and [10] , yields 
[11] DV=[ (Rp/Rr) -(Rt /Rp)]Vi 

20 where Rp = P2/P1 and Rr =T2 /Ti are the operating pressure 
and temperature range ratios . 

For a 2.5 gal [9.5 1] resonator with pre-charging ratio of 
0.45/ the gas volume, Vi, at a minimiam worJcing pressure of 

25 lOOOpsi [6.89 MPa] and under constant temperature is about 
1.13 gal [4.28 1]. If the operating pressure of the surface 
pipe rises to 2000psi [13.78 MPa] and no compensation is 
used, then the gas volume under the new pressure shrin]cs to 
0.56 gal [2.14 1] (equation [7]). To compensate for the 

30 resonator's capacitance change, a DV of 1.69 gal [6.4 1] is 
needed according to ec[uation [11]. After charging the 1.69- 
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gal [6.4 1] of gas into the dairrpener \inder the new pressure 
of 2000psi [13.78 MPa] , the new total gas volume in the 
dairrpener becomes 2.25 gal [8.52 1] and the resonance 
frequency is maintained. Obviously the vol\ime of the 
5 resonator's housing has to be sufficiently large to 

accommodate the compensating vol\ime, DV. The selection of a 
suitably large housing depends on the frequency of the 
telemetry signal carrier and the operating pressure range. 
For carrier frequencies at the upper range of modern 

10 telemetry equipment, i.e. 12Hz and 24Hz, and for operations 
with moderate pressure range, a 2.5 gal [9.5 1] dampener 
would be often satisfactory. For operations with very high 
minimum pressure (Pi > 2500psi [17.23 MPa]) and wide 
pressure range (Rp >2) , a larger resonator volume, e.g. a 5 

15 gal [19 1] volume, may have to be used to provide the volume 
adjustment range. 

The compensation method described above can be implemented 
manually or automatically. An automatic tuning/ compensation 
20 method is illustrated schematically in FIG. 8^ in which FIG. 
8A is a diagram of components of the system and FIG. 8B is a 
block diagram of steps taken in accordance with the method. 

Th.e pressure and temperature of the gas inside TMR 835 is 
25 monitored by pressure transducer 833 and temperature 

transducer 834 . The measured values are input to TMR control 
unit 846, which may be part of the surface processing module 
for mud pulse telemetry. Unit 846 calculates the 
compensation volume, DV, by using equations [11] and [7] , 
30 from the measured P and T inputs as well as pre-recorded 
parameters such as the resonator volume, Vq, the pre- 
charging ratio x, the gas temperature at pre-charge, Tq, and 
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the gas temperature at the minimum operating pressure Pi- 
After calculating DV, TMR control unit 846 opens the 
charging valve 841 so that gas. from the nitrogen bottle 851 
flows through pressure dropping regulator 852, charging. 
5 valve 841 and gas flow meter 853 into the gas entry port 840 
of TMR 835. The real time gas flow rate signal, Q(t), 
measured by gas flow meter 853 is input to the TMR control 
unit 846 , which performs an integration versus time to 
produce the cumulative gas volume flow: 

10 

[12] DV(t) ' = (Pin/P2 )Jo' Q(t)dt (12) 

where Pm is the pressure at flow meter 853 if it is 
different from that in the container, P2 . Once DV(t) reaches 
15 DV at time t=tl, charging valve 841 is closed and the 

compensation cycle for the new pressure is completed, until 
significant change in pressure or temperature requires its 
re-activation . 

.20 In case of .a drop in the operating pressure# the TMR control 
unit can open the vent valve 854 to reduce the gas volume in 
TMR 835- An appropriate DV is determined from the measured 
pressure and temperature. The gas vented through (bi- 
directional) flow meter 853 is monitored by TMR control xinit 

25 846. When the acciomulated gas flow reaches DV, the vent 
valve 854 is closed. 

Temperature effects on the sound velocities in gas and in 
mud and on the mud volume /density ratio (the first term in 
30 equation [1]), can also be compensated for, if necessary, by 
adjusting the volume of the gas charge in TMR 835. A second 
temperature sensor 855 mounted in the surface mud pipe as 
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shown in FIG. 8 can be used to measure the mud teir^erature. 
Theoretical or experimental temperature responses for soxxnd 
velocity and density of the appropriate mud can be used to 
calculate the equivalent gas volume, which is needed for 
con^ensating the capacitance defined by eqiiation [1] . Such 
data are readily available from the various mud operators or 
can be measured using well-established methods . 

The gas charging compensation method can also be applied to 
the existing desurger mounted close to the pump. The desired* 
frequency can be achieved and maintained if the volume of 
the desurger, its pre-charging pressure and the dimensions 
of the inlet of the desurger are 3cnown. If not ascertainable, 
through calculations, the inductance of the inlet may be 
determined through experiments, either in-situ or off-line 
on a similar installation. For example, the resonance 
frequency can be measured by applying an appropriate 
pressure disturbance (e.g. sweeping frequency source, pulse 
source, or pump noise at appropriate stroke rates, e.g. 
continuously varying the stroke rate to generate a chirp 
noise) . Then the inductance, M, can be determined using 
equation [3] by using the measured resonance frequency and 
the capacitance value, C, which is given by the volume of 
the desurger, the working pressure and the pre-charging 
ratio, X. 

The drifts in the response curve of an uncompensated tuned 
mechanical resonator compared to a gas voliime (Vg) 
compensated TMR are shown in FIG 9 . As the operating 
pressure in the mud flow system doubles from 1450psi to 
2900psi [9.99 to 19.98 MPa] original frequency response 
curve 901 changes to curve 902 and the resonance frequency 
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shifts from 12 Hz to 24 Hz. Maintaining a constant gas 
volvime in the resonator, the resonance frequency can be held 
at an intermediate value of 16 Hz (curve 903) Maintaining a 
constant gas volume /density ratio stabilizes the frequency 
response at its original value 12Hz (curve 901) . For this 
plot, the texrrperature is assumed to be constant. 

A different timing method of TMR 1035 and its implementation 
is shown in FIG. 10. In FIG.lOA, the frequency of resonator 
1035 is tuned by adjusting the opening of control valve 1036 
and hence the effective cross-section of neck pipe 1037 
connecting TMR 1035 to mud flow pipe 1033. This, in turn, 
effectively changes the inductance (inertance) value of the 
resonator. The correlation between the inductance value and 
the valve position can be obtained through experiments. 

In FIG.lOB, resonator 1045 is shown having an inlet 
including N(=4) tubes 1047 with different or equal diameters 
and/or lengths. In this example, the effective cross- 
section of inlet 1047of the resonator is variable through 
on-off bi-state valves 1046 implementing an N-bit binary 
array. A number of 2^ different combinational inductance 
values can be achieved by opening appropriate valves 1046. 
With this digital control method, a discrete number of 
inductance values can be obtained. A 4- tube system as shown 
provides 16 values if the all-closed state is counted as 
special case of infinite resistance. Selection of 
appropriate diameters and lengths for the N tubes determines 
the range covered by these values . 

The examples given above can be varied and combined to 
further enhance the efficiency of the noise filtering. Such 



27 



wo 2004/022916 



PCT/GB2003/003616 



variations of the in-line TMR filter system include using 
several Venturi- shaped constriction sections in series / 
providing multiple cross-section variations along the flow 
line to attenuate noise, and/or multiple tuned resonators. 

5 

In FIG. IIA, an L-C low pass mechanical filter is shown. 
Extended constriction 1131 is used in the Venturi 
constriction 1130, thus providing a larger inductance, L. 
The extension in this example is a flexible hose reeled onto 

10 a suitable dmm 1132. The inductance value is given by 
s\xbstituting h' in equation [2] with the length of the 
constriction, Ll. The capacitive element is still provided 
by a container 1135, which is connected to the downstream 
end of the Venturi constriction 1130. Compared to a 

15 resonator, the diameter of the '"neck" tube 1137 to container 
1135 is made as large as possible, and its length as short 
as possible, such that the inductance at the inlet becomes 
negligible. 

.20 In FIG. IIB, the filter system combines multiple tuned 

mechanical resonators 1145. They can be mounted close to 
each other or separated by a distance. In the example of 
FIG. IIB, TMRs 1145 are separated by a Venturi constriction 
1141 in a configuration that can be classified as a Il-type 

25 filter. By tuning the resonators to different frequencies, 
the stop band is broadened. For example, two resonators 
tuned to 9.5Hz and 12Hz, respectively, provide a much wider 
and deeper stop band compared to a single resonator at llHz. 
The combination of two resonators tuned to 5Hz and llHz 

30 still provides significant noise reduction in a 

comparatively broad stop band, thus removing any need to 
compensate for small variations in the operating pressure. 



28 



wo 2004/022916 



PCT/GB2003/003616 



As shown in FIG. IIC, two Venturi constrictions 1151/ 1152 
can be combined with one TMR 1155, with constriction 1151 
upstream and constriction 1152 downstream of the resonator. 
5 This configuration can be seen as a T-type filter. 

In applications where the use of a resonator is not ■ 
practical, the use of one or more in-line Venturi 
constrictions without a Helmholtz resonator may have already 
10 a beneficial effect on the telemetry system. Filters can be 
developed without using a Helmholtz resonator. Also, several 
of the above L-C, IT, or T-type resonators can be cascaded 
to design higher order filters with deeper, sharper defined 
and/or wider stop bands. 

15 

Referring now to FIG. 12, there is shown the MWD system of 
FIG. 1 modified to include an example of the invention. 
Nxamerals denoting the same or similar elements are left 
unchanged. For the details description of these elements 
20 reference is made to FIG. 1 above. 

The MWD system of FIG. 12 includes tunable, and pressure 
compensated resonator 1245 as described above (FIG. 8) . The 
pressure, influx and outflow of gas and other relevant 

25 parameters of TMR 1245 are registered in control unit 1242. 
Control unit 1242 also registers the pressure measurements 
provided by four transducers 1241 that are distributed along 
surface mud flow system 1230 between pump/desurger 132/136 
and kelly hose 135. One of transducers 1241 is positioned 

30 upstream of the Venturi constriction of TMR 1245 . 
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In operation, control unit 1242 adjusts the resonance 
frequency of TMR 1245 such that the pump noise is most 
effectively attenuated within the signal frequency bands 
using a method as described above. 

5 

While the invention has been described in conjunction with 
the exemplary embodiments described above, many equivalent 
modifications and variations will be apparent to those 
skilled in the art when given this disclosure. Accordingly, 
10 the exemplary embodiments of the invention set forth above 
are considered to be illustrative and not limiting. Various 
changes to the described embodiments may be made without 
departing from the spirit and scope of the invention. 
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